During pregnancy the myometrium undergoes a programme of differentiation induced by endocrine, cellular, and biophysical inputs. Small heat shock proteins (HSPs) are a family of ten (B1-B10) small-molecular-weight proteins that not only act as chaperones, but also assist in processes such as cytoskeleton rearrangements and immune system activation. Thus, it was hypothesized that HSPB5 (CRYAB) would be highly expressed in the rat myometrium during the contractile and labour phases of myometrial differentiation when such processes are prominent. Immunoblot analysis revealed that myometrial CRYAB protein expression significantly increased from day (D) 15 to D23 (labour; P < 0.05). In correlation with these findings, serine 59-phosphorylated (pSer59) CRYAB protein expression significantly increased from D15 to D23, and was also elevated 1-day post-partum (P < 0.05). pSer59-CRYAB was detected in the cytoplasm of myocytes within both uterine muscle layers mid-to late-pregnancy. In unilaterally pregnant rats, pSer59-CRYAB protein expression was significantly elevated in the gravid uterine horns at both D19 and D23 of gestation compared with non-gravid horns. Co-immunolocalization experiments using the hTERT-human myometrial cell line and confocal microscopy demonstrated that pSer59-CRYAB co-localized with the focal adhesion protein FERMT2 at the ends of actin filaments as well as with the exosomal marker CD63. Overall, pSer59-CRYAB is highly expressed in myometrium during late pregnancy and labour and its expression appears to be regulated by uterine distension. CRYAB may be involved in the regulation of actin filament dynamics at focal adhesions and could be secreted by exosomes as a prelude to involvement in immune activation in the myometrium.
Introduction
The uterine smooth muscle or myometrium undergoes many structural and physiological changes throughout pregnancy to become a powerful, contractile tissue at term. These changes occur in a series of four phases during pregnancy and one phase post-partum. Each phase is marked by unique characteristics that have been well defined in the pregnant rat model (Shynlova et al. 2013) . At the beginning of rat pregnancy until day (D) 14, the myometrium enters the proliferation phase. Myometrial cells increase in number and the expression of anti-apoptotic factors, including BCL2, is increased within these cells contributing to an overall increase in proliferation (Shynlova et al. 2006) . The next phase is the synthetic phase from D15 to D21, where the protein:DNA ratio in the myometrium is increased, cells hypertrophy and increase their production of interstitial extracellular matrix proteins (ECM) and remodel focal adhesions (MacPhee & Lye 2000 , Shynlova et al. 2004 . In the contractile phase, there is an increased expression of basement membrane matrix proteins such as fibronectin and associated integrin receptors in myometrial cells (Shynlova et al. 2004 , Williams et al. 2005 , 2010 . During the final phase of pregnancy, the labour phase, the expression of contractile-associated proteins (CAPs) is elevated, such as the gap junction protein GJA1 and OXTR (oxytocin receptor; Tabb et al. 1992 , Ou et al. 1998 .
Immune system activation and immune cell infiltration of the myometrium is also thought to play a role in the initiation of labour (Thomson et al. 1999 , Osman et al. 2003 , Shynlova et al. 2013 . Foetal growthinduced uterine stretch may positively regulate both the production of chemokines and cytokines and chemokine-mediated infiltration of immune cells into the myometrium during term and pre-term labour aiding cytokine-mediated myometrial contractility (Shynlova et al. 2008 (Shynlova et al. , 2013 .
The small heat shock protein B (HSPB) family comprises ten small-molecular-weight proteins (15-40 kDa; B1-B10) that are key for cellular homeostasis and are also induced by physiological stressors such as mechanical forces (Kampinga & Garrido 2012) . HSPB members not only act as ATP-independent molecular chaperones, but also assist in cell death regulation, cytoskeletal rearrangements, and immune system activation (Acunzo et al. 2012 , van Noort et al. 2012 , Wettstein et al. 2012 . The HSPB family is characterized by a conserved C-terminal region named the α-crystallin domain, a more variable N-terminal sequence, and in most cases, a short variable C-terminal tail (Garrido et al. 2012) . Phosphorylation of these proteins, particularly on serine residues, is critical for the regulation of structure and function. For example, HSPB1 phosphorylation induces the dissociation of large oligomers of HSPB1 and marked loss of chaperoning activity (Kato et al. 1994 , Garrido et al. 2012 .
CRYAB, previously known as αB-crystallin, was discovered as a highly abundant protein in the eye lens, where it maintains the transparency of the structure (Bloemendal 1982 , Clark et al. 2012 . To this end, it acts as a molecular chaperone to aid cytoprotection and prevent aggregation of denatured proteins ( Horwitz 1992) . CRYAB is expressed in a multitude of other tissues, and mutations in CRYAB can lead to congenital cataracts, cardiac myopathies, and neurodegenerative diseases (Acunzo et al. 2012 , Boncoraglio et al. 2012 . CRYAB phosphorylation on serine 59 (pSer59) residues also regulates CRYAB-actin interaction (Singh et al. 2007) .
From an immune system perspective, CRYAB has also been shown, in vitro, to induce an interleukin-10 (IL10) regulatory macrophage immune response at low concentrations; whereas, at higher concentrations, it can increase the T-cell production of interferon-γ (IFN-γ), which activates macrophages (van Noort et al. 2010 (van Noort et al. , 2012 . CRYAB can also alter the immune system by increasing the expression of endothelial cell adhesion molecules, such as ICAM1 and SELE (E-selectin), that are responsible for slowing leukocyte rolling and facilitating leukocyte entry into tissues (Dieterich et al. 2013) .
Despite current knowledge, the expression of CRYAB in the myometrium has never been fully characterized. Thus, we examined the spatiotemporal expression of CRYAB in the rat myometrium during pregnancy and in a human myometrium-derived cell line, as well as the potential regulation of CRYAB expression by uterine distension. Due to the potential role of CRYAB in aiding actin filament dynamics and immune cell activation, it was hypothesized that CRYAB would be highly expressed in the myometrium during the contractile and labour phases of myometrial differentiation.
Materials and methods

Animals
Sprague-Dawley rats were acquired from the Mount Scio Vivarium (Memorial University of Newfoundland, St John's, NL, Canada) and used for all experiments. Animals were individually housed and cared for under standard environmental conditions (12 h light and 12 h darkness) in the Animal Care Unit at the Health Sciences Centre, Memorial University of Newfoundland. The rats had access to water ad libitum and were maintained on LabDiet Prolab RMH 3000 (PMI Nutrition International, Brentwood, MO, USA). For all experiments, virgin female rats weighing approximately 220-250 g were mated with stud males. Day 1 of the gestational period was designated following the observation of a vaginal plug the morning after mating. The time of delivery under these standard conditions was D23 of the gestational period. All experiments were granted ethical approval by the institutional animal care committee under protocols 08-02-DM to 11-02-DM.
Experimental design
Cell culture
The hTERT-HM myometrium-derived cell line was a gracious gift from Dr Ann Word (University of Texas Southwestern Medical Center, Dallas, TX, USA) and established via stable transfection of human myometrial cells with the expression vectors containing the human telomerase reverse transcriptase (hTERT), which maintains telomere length and immortalizes cells ( Condon et al. 2002) . These cells retain myometrial cell characteristics such as the expression of CNN1 (calponin) and OXTR proteins (Condon et al. 2002) . hTERT-HM cells were cultivated in DMEM/F12 media with l-glutamine and 15 mM HEPES (catalogue number (Cat #): 11330-032; Life Technologies) plus 10% foetal bovine serum and 1% penicillin-streptomycin (Cat #: 15140-122; Life Technologies) . Cell cultures were maintained at 37°C and 5% CO 2 in air. The medium was refreshed every 24 h and cells were passaged when they reached ~90% confluence using trypsin-EDTA solution (0.05% v/v trypsin in EDTA, Cat #: 15400-054; Life Technologies).
Tissue collection
Carbon dioxide-induced asphyxiation was used for killing all animals before sample collection. For normal gestation, samples were collected from animals at ten time points throughout gestation including non-pregnant (NP), D6, D12, D15, D17, D19, D21, D22, D23 (labour), and 1-day post-partum (PP). For immunofluorescence detection, a portion of the rat uterine horn was fixed in 4% paraformaldehyde (PFA) in phosphatebuffered saline (PBS; pH 7.4) while shaking overnight at room temperature and then washed in PBS for 24 h. Tissues were processed, paraffin embedded, sectioned, and mounted on microscope slides by the Histology Unit of Memorial University of Newfoundland School of Medicine. Cross sections of the uterine horn were used for experiments and both the longitudinal and the circular muscle layers of the myometrium were included in all sections. All sections were treated under identical conditions at the same time for each experiment.
For immunoblot analysis, uterine horns were removed, excised, and opened longitudinally, after which foetuses and placentae were discarded. Uterine tissue was then placed in ice-cold PBS and a scalpel blade was used to gently scrape away the endometrial layer, as described previously (White et al. 2005) . All myometrial samples were flash-frozen in liquid nitrogen and stored at −80°C.
Unilaterally pregnant rat model
Virgin female rats (~220 g) were administered an intramuscular injection of anaesthesia (100 mg/kg ketamine, 20 mg/kg xylazine; Ketaset, Wyeth Animal Health, Guelph, ON, Canada; Rompun, Bayer) and then received a unilateral tubal ligation as described previously (White & MacPhee 2011) . Animals were monitored post-operatively and subsequently allowed to recover for at least 5 days before mating was attempted. Samples of gravid and non-gravid horns were collected on gestational D19 and D23.
Immunoblot analysis
Immunoblot analysis was performed on at least three independent sets of myometrium samples from normal rat gestation and unilaterally pregnant rat models (n ≥ 3 for each timepoint analyzed). Tissue samples were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS)) plus protease and phosphatase inhibitors (Complete mini, Cat # 04693124001; PhosSTOP, Cat # 04906845001; Roche Diagnostics). Protein concentration was determined using the Bio-Rad Protein Assay Kit II according to the manufacturer's instructions (Cat #: 500-0002; Bio-Rad). Protein samples (20 μg/lane of protein for the rat gestational profile; 15 μg/lane of protein for the unilaterally pregnant model) were electrophoretically separated under reducing conditions in 12% SDS-polyacrylamide gels and subsequently electroblotted onto 0.2 μm nitrocellulose membranes (Cat #: 162-0097; Bio-Rad).
The membranes were stained with a Memcode Reversible Protein Stain kit to verify protein transfer (Cat #: 24580; Thermo Fisher Scientific) as per the manufacturer's instructions. Blots were then incubated for 1 h with antisera that recognized both unphosphorylated and phosphorylated CRYAB (total-CRYAB) or CRYAB specifically phosphorylated on serine-59 (pSer59-CRYAB; given in Table 1 for all antisera used for experiments). Antisera were diluted in blocking solution consisting of 5% milk in Tris-buffered saline containing Tween 20 (TBST; 20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.1% Tween 20) or 5% bovine serum albumin (BSA) in TBST for phospho-specific antibodies. An appropriate horseradish peroxidase (HRP)-conjugated secondary antibody diluted in blocking solution was used for immunoblot development. Protein detection on immunoblots was accomplished using a SuperSignal West Pico chemiluminescence substrate detection system (Cat # 34080; Thermo Fisher Scientific) and multiple exposures were acquired using a Bio-Rad ChemiDoc MP digital imaging system. Membranes were subsequently stripped with Restore Western Blot Stripping Buffer according to the manufacturer's instructions (Cat #: 21059; Thermo Fisher Scientific) and re-probed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression, which served as a loading control, using a rabbit polyclonal GAPDH-specific antibody (Table 1) .
Immunofluorescence analysis
Rat myometrium during pregnancy
Tissue sections from three independent sets of rat uterine tissue samples from normal rat gestation and unilaterally pregnant rat models were used for experiments (n = 3 for each timepoint analyzed). Tissue sections were deparaffinized in xylene three times for 5 min each and then rehydrated in a descending series of ethanol (100, 95, 90, 80, 70, and 50%) . Heatinduced epitope retrieval was conducted with boiling 10 mM sodium citrate buffer (pH 6.0) for 10 min followed by enzymeinduced epitope retrieval with 1 mg/mL trypsin solution (Cat # T7168; Sigma Chemical Co, Oakville, ON, Canada) at room temperature for 10 min. Sections were then incubated for 1 h in a blocking solution consisting of 5% normal goat serum, 1% normal horse serum, and 1% foetal bovine serum in PBS.
Tissue sections were incubated overnight at 4°C with either total-CRYAB or pSer59-CRYAB-specific antisera diluted in 
hTERT-HM cells
Following cell collection by trypsinization, cells were counted with a Bio-Rad TC20 cell counter, and 1 × 10 5 cells were seeded onto 22 mm × 22 mm sterile glass coverslips placed within six-well tissue culture plates. After cell cultivation for 24 h, cells were fixed with 4% PFA in PBS for 5 min at room temperature and then washed with PBS. Cells were then treated with PBS containing 0.1% Triton X-100 for 15 min at room temperature and subsequently with blocking solution for 30 min at room temperature. Combinations of primary antisera specific for total CRYAB, pSer59-CRYAB, the focal adhesion protein Kindlin-2 (FERMT2), α-smooth muscle actin (ACTA1), and the tetraspanin CD63 were used for experiments (Table 1) . For negative controls, affinity-purified mouse or rabbit IgG was used in place of primary antisera and at the same concentration. FITC-conjugated anti-rabbit IgG and a rhodamine red-X (RRX)-conjugated anti-mouse IgG were used as secondary antibodies. Cells were then mounted to glass slides using ProLong Gold Anti-Fade Reagent with DAPI. Independent experiments were conducted three times and the images were collected using an Olympus IX83 microscope equipped with widefield epifluorescence capabilities, an Andor Zyla sCMOS camera, and CellSens software (Olympus) or a Leica TCS-SP5 laser scanning confocal microscope equipped with Leica LAS AF imaging software (Leica). For confocal imaging, a z-series of optical slices were collected for each antibody pair and analyzed with the Leica LAS AF imaging software. A plan apochromat 63X oil/NA 1.40 objective was used for analysis (for additional parameters, Supplementary Fig. 1 , see section on supplementary data given at the end of this article) and appropriate lookup tables used to ensure pixel saturation were prevented. Further analyses were conducted using orthogonal views (XZ and YZ axes) 
Statistical analysis
Densitometric analysis was performed on immunoblot data by using Image Lab software (Bio-Rad). Densitometric measurements of total-CRYAB protein or pSer59-CRYAB protein on immunoblots were normalized to the densitometric measurements of GAPDH protein expression. Statistical analysis was Figure 1 Immunoblot analysis of total and serine-59-phosphorylated (pSer59) CRYAB protein expression during pregnancy, parturition, and post-partum. Representative immunoblots and densitometric analyses of total CRYAB, pSer59-CRYAB, and GAPDH expression during gestation are shown. Total CRYAB protein expression significantly increased from D15 to D23 (labour) compared with NP and D6 (*). Expression was also significantly elevated from D15 to D22 compared with d12 (**) and at D17, D19, and D22 compared with D23 and PP (#). Lastly, expression on D21 was significantly elevated vs PP (+). pSer59-CRYAB expression was significantly increased from D15 to PP (*) or from D17 to PP (**) compared with expression at NP-D6 and D12-D15, respectively. The highest expression was observed at D22 compared with D17-D21 and D23-PP (***). pSer59-CRYAB expression was also significantly higher at D23 compared with D17 and PP (#). Data presented are from four independent experiments (n = 4) and error bars represent the standard error of the mean. Values were considered significantly different when P < 0.05. NP, non-pregnant; PP, 1-day post-partum; CRYAB, total CRYAB; pSer59-CRYAB, serine-59-phosphorylated CRYAB; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
Results
Expression of CRYAB in the myometrium throughout gestation
The temporal expression of total and pSer59-CRYAB was determined via immunoblot analysis. Total CRYAB protein expression significantly increased from D15 to D23 (labour) compared with NP and D6 ( Fig. 1 ; *P < 0.05). Expression was also significantly elevated from D15 to D22 compared with d12 (**) and at D17, D19, and D22 compared with D23 and PP (#). Lastly, expression on D21 was significantly elevated vs PP (+). pSer59-CRYAB expression was significantly increased from D15 to PP (*) or from D17 to PP (**) compared with expression at NP-D6 and D12-D15, respectively ( Fig. 1 ; P < 0.05). The highest expression was observed at D22 compared with D17-D21 and D23-PP (***). pSer59-CRYAB expression was also significantly higher at D23 compared with D17 and PP (#). Notably, expression of pSer59-CRYAB displayed a slower increase at D15 compared with total CRYAB and a less rapid decrease at D23 and PP. This likely reflects the time required for addition and loss of post-translational modification (serine phosphorylation) of CRYAB, respectively. The spatial expression of pSer59-CRYAB and total CRYAB was examined by immunofluorescence analysis. pSer59-CRYAB was virtually undetectable from NP to D12 of gestation in myometrial cells from longitudinal and circular muscle layers and subsequently increased in detection with prominent immunolocalization from D21 to D23 (Figs 2 and 3) . Expression was restricted to the entire cytoplasm of myocytes in both muscle layers with minimal immunodetection in the tissue stroma. Total CRYAB was similarly localized throughout the cytoplasm of myometrial cells at the same timepoints (data not shown).
Uterine stretch induces myometrial CRYAB expression
Since foetal growth-induced uterine distension is a powerful stimulator of protein expression, uterine tissue and myometrial protein extracts were collected from unilaterally pregnant rats at D19 and D23 for immunofluorescence and immunoblot analyses, respectively. Immunoblot analysis demonstrated that pSer59-CRYAB protein expression was markedly increased in myometrial lysates from gravid horns compared with nongravid horns at D19 and D23 of gestation (Figs 4A and 5A) . Immunofluorescence analysis supported these results as immunolocalization of pSer59-CRYAB was also markedly increased in the cytoplasm of myometrial cells from gravid horns at D19 and D23, in both muscle layers, compared with contralateral non-gravid uterine horns ( Figs 4B and 5B). Similar results were obtained for total CRYAB expression at the same timepoints (data not shown).
Immunolocalization of pSer59-CRYAB within hTERT-human myometrial cells
To better understand the potential pSer59-CRYAB interactome within the myometrium, the spatial localization of this protein with potential partners was examined in hTERT-HM cells. The cytoskeletal protein ACTA1 showed characteristic immunodetection in actin stress fibres within hTERT-HM cells and CRYAB co-immunolocalized along stretches of these filaments, particularly when observed in orthogonal views (e.g. YZ and Figure 2 Immunofluorescence analysis of serine-59-phosphorylated (pSer59) CRYAB protein expression in the rat longitudinal smooth muscle layer of the myometrium. The representative spatiotemporal expression of pSer59-CRYAB assessed in longitudinal muscle layers of non-pregnant (NP) and pregnant rat myometrium on gestational day (D) 6, D15, D21, D23, and 1-day post partum (PP) using rabbit polyclonal anti-human pSer59-CRYAB-specific antisera is shown. pSer59-CRYAB was virtually undetectable from NP to D12 of gestation in myometrial cells and subsequently increased in detection with prominent immunolocalization from D21 to D23. Expression was restricted to the entire cytoplasm of myocytes with minimal immunodetection in the tissue stroma. IgG; isotype-matched rabbit IgG used in place of primary antisera to serve as a negative control. Scale bar = 50 μm.
XZ axes) of optical slices from confocal microscopy ( Fig. 6 and Supplementary Fig. 1A ). By contrast, within all cells examined, pSer59-CRYAB did not appreciably co-localize with long stretches of ACTA1 filaments, but instead co-localized with the focal adhesion protein FERMT2 at the ends of ACTA1 filaments in close proximity to myocyte membranes (Figs 6, 7 and Supplementary Fig. 1B and C) .
sHSPs have recently been shown to be extracellular signalling molecules that can be secreted via exosomes (reviewed by Van Noort et al. 2012) ; thus, we examined the co-immunolocalization of pSer59-CRYAB with the exosomal marker and tetraspanin CD63. In all hTERT-HM cells examined, CD63 showed characteristic immunofluorescence detection not only near the nuclei of cells, but also in proximity to plasma membrane regions. pSer59-CRYAB also co-localized with CD63 at these areas, particularly when examined in orthogonal views of optical slices from confocal microscopy ( Fig. 7   Figure 3 Immunofluorescence analysis of serine-59-phosphorylated (pSer59) CRYAB protein expression in the rat circular smooth muscle layer of the myometrium. The representative spatiotemporal expression of pSer59-CRYAB assessed in circular muscle layers of non-pregnant (NP) and pregnant rat myometrium on gestational day (D) 6, D15, D21, D23, and 1 day post-partum (PP) using rabbit polyclonal anti-human pSer59-CRYAB-specific antisera is shown. pSer59-CRYAB was virtually undetectable from NP to D12 of gestation in the myometrium and then increased in detection with prominent immunolocalization from D21 to D23. Expression was restricted to the entire cytoplasm of myocytes. IgG; isotype-matched rabbit IgG used in place of primary antisera to serve as a negative control. Scale bar = 50 μm.
Figure 4
Expression of serine-59-phosphorylated (pSer59) CRYAB protein in the rat myometrium at day 19 of pregnancy is significantly induced by uterine stretch. (A) Representative immunoblots of pSer59-CRYAB and GAPDH protein expression in myometrium from non-gravid (NG) and gravid (G) uterine horns at day (D) 19 of rat gestation are shown. Densitometric analyses illustrated that pSer59-CRYAB protein expression significantly increased in myometrium from gravid uterine horns compared with non-gravid horns (*P < 0.05). Values are from three independent experiments (n = 3) and error bars represent the standard error of the mean. (B) Immunofluorescence analysis of pSer59-CRYAB protein expression in longitudinal (Long) and circular (Circ) muscle layers of non-gravid and gravid uterine horns at D19 of rat gestation. pSer59-CRYAB expression was highly detectable in the cytosol of myocytes in both muscle layers of gravid horns when compared with non-gravid horns. Representative micrographs are shown. IgG; isotype-matched rabbit IgG used in place of primary antisera to serve as a negative control. Scale bar = 50 μm. pSer59-CRYAB, serine-59-phosphorylated CRYAB; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. and Supplementary Fig. 1D ). Importantly, in all confocal image collections, the co-localization was confirmed following image deconvolution and calculation of the mean Pearson correlation coefficients for image data sets ( Supplementary Fig. 1A , B, C and D).
Discussion
The HSPB family of small stress proteins is a group of ATPindependent chaperones that also have important roles in processes such as cell death regulation, cell growth, and cytoskeletal organization (Acunzo et al. 2012 , Wettstein et al. 2012 . Several family members are dynamically expressed in the myometrium during pregnancy (White et al. 2005 , Cross et al. 2007 , MacIntyre et al. 2008 , White & MacPhee 2011 , Marsh et al. 2015 , but CRYAB, originally discovered in the eye lens, has never been thoroughly examined in this tissue. Since CRYAB appears to aid actin filament dynamics and immune cell activation, it was hypothesized that CRYAB would be highly expressed in the myometrium during the contractile and labour phases of myometrial differentiation.
Myometrial CRYAB expression during pregnancy and the influence of uterine distension
The increased detection of the phosphorylated form of CRYAB by immunoblot analysis, slightly after significant increases in total CRYAB levels, suggested that CRYAB was produced in large amounts in the synthetic phase of myometrial programming and then quickly serine phosphorylated for subsequent phases. CRYAB is phosphorylated on Ser59 by the p38 MAPK (MAPK14) pathway (Kato et al. 1998) and Oldenhof and coworkers (2002) reported that activated MAPK14 is readily expressed in rat myometrium during late pregnancy. Thus, this pathway may be responsible, in part, for the increased detection of pSer59-CRYAB during late pregnancy and labour. The significant increase in the expression of total CRYAB observed beginning at D15 and subsequent significant decrease at D23 and PP compared with D17, D19, and D22 is also notable as MacIntyre and coworkers (2008) reported that CRYAB protein expression decreased by 71% in the myometrium of labouring women compared with non-labouring women. However, these authors did not examine the serine phosphorylated form of CRYAB, and our results indicate the importance of assessing the expression of phosphorylated forms of sHSPs. pSer59-CRYAB was significantly elevated at D23 compared with D17 and PP and not significantly different from expression at D19 and D21. Phosphorylation of these proteins on serine residues is critical for the regulation of structure and function (Kato et al. 1994 , Garrido et al. 2012 ). Both total (data not shown) and pSer59-CRYAB were detected from D15 to PP throughout the cytosol of myocytes in both circular and longitudinal muscle layers. By contrast, MacIntyre and coworkers (2008) only detected total CRYAB in perinuclear regions of myocytes within the myometrium of non-labouring patients from 37 to 40 weeks of gestation. Detection of total CRYAB was barely above background levels in the myometrium of labouring patients within the same timeframe. This Immunofluorescence analysis of pSer59-CRYAB protein expression in longitudinal (Long) and circular (Circ) muscle layers of non-gravid and gravid uterine horns at day 23 (labour). pSer59-CRYAB expression was highly detectable in the cytosol of myocytes in both muscle layers of gravid horns when compared with non-gravid horns. Representative micrographs are shown. IgG; isotype matched rabbit IgG used in place of primary antisera to serve as a negative control. Scale bar = 50 μm. pSer59-CRYAB, serine-59-phosphorylated CRYAB; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. may reflect species-specific differences in total CRYAB expression and localization in the myometrium at labour. Both total (data not shown) and pSer59-CRYAB protein expression and immunolocalization were markedly increased upon uterine distension at D19 and D23 of pregnancy representing the synthetic and labour phases of myometrial differentiation. To our knowledge, this is the first demonstration of mechanical forces inducing CRYAB expression in smooth muscle. In terms of pSer59-CRYAB expression, Oldenhof and coworkers (2002) demonstrated that activated MAPK14 expression was significantly increased in myometrium from gravid rat uterine horns compared with myometrium from nongravid horns. Again, this implicates the MAPK14 pathway in the serine phosphorylation of CRYAB. It is also well reported that CRYAB can readily interact and form a functional complex with HSPB1 (reviewed by Arrigo 2013). Both total and pSer15-HSPB1 expression are Figure 6 Immunofluorescence analysis of total CRYAB or serine-59-phosphorylated (pSer59) CRYAB protein localization with alpha (α)-smooth muscle actin (ACTA1) in hTERT-HM myometrial cells. Upper panels: representative images of ACTA1 (green) and total CRYAB (red) protein localization. Middle panels: representative images of ACTA1 (red) and pSer59-CRYAB (green) protein localization. Lower panels: Representative mouse and rabbit IgG controls. Mounting media containing DAPI was used to visualize nuclei. ACTA1, α-smooth muscle actin; DAPI, 4′,6-diamidino-2-phenylindole; CRYAB, total CRYAB; pSer59-CRYAB, serine-59-phosphorylated CRYAB; Merge, ACTA1 and CRYAB or ACTA1 and pSer59-CRYAB co-localization. Scale bar = 50 μm.
Figure 7
Immunofluorescence analysis of Kindlin-2 (FERMT2) or CD63 protein localization with serine-59-phosphorylated (pSer59) CRYAB in hTERT-HM myometrial cells. Upper panels: representative images of FERMT2 (red) and pSer59-CRYAB (green) protein localization. Middle panels: representative images of CD63 (red) and pSer59-CRYAB (green) protein localization. Lower panels: representative mouse and rabbit IgG controls. Mounting media containing DAPI was used to visualize nuclei. FERMT2, Kindlin-2; DAPI, 4′,6-diamidino-2-phenylindole; pSer59-CRYAB, serine-59-phosphorylated CRYAB; Merge, FERMT2 and pSer59-CRYAB or CD63 and pSer59-CRYAB co-localization. Scale bar = 50 μm.
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Reproduction ( readily induced in the rat myometrium by uterine distension at d19 and d23 of pregnancy (White & MacPhee 2011). Thus, both of these sHSPs may be working together during this period of gestation in response to uterine distension.
Potential roles for CRYAB in the myometrium
The serine phosphorylation of CRYAB, like serine phosphorylation of HSPB1, leads to the production of small oligomers from very large complexes (Ito et al. 2001) . As a result, both HSPB1 and CRYAB can interact with ACTA1 fibres (Wettstein et al. 2012 , Arrigo & Gilbert 2013 . Singh and coworkers (2007) showed that CRYAB can interact directly with ACTA1 in rat H9C2 cardiomyoblasts, regulate actin filament dynamics, and that the association is dependent on serine phosphorylation of CRYAB. We detected pSer59-CRYAB with the focal adhesion protein FERMT2 at the ends of ACTA1 filaments. By contrast, total CRYAB largely co-localized with filamentous ACTA1. Thus, CRYAB may help in the maintenance of filamentous ACTA1 (Singh et al. 2007) , and localization of total CRYAB to these filaments may also reflect localization of other phosphorylated CRYAB species such as pSer19 and/or pSer45-CRYAB. The dynamic modulation of ACTA1 microfilament formation plays a large role in smooth muscle contraction (Taggart & Morgan 2007) . For example, Shaw et al. (2003) reported that agonist-induced contraction of nonpregnant rat myometrium was reduced by inhibition of ACTA1 polymerization with cytochalasin D. Focal adhesions or smooth muscle dense plaques are sites on the plasma membrane where clusters of integrins and integrin activators such as FERMT2 help to initiate a structural link between the ECM and the ACTA1 cytoskeleton. ACTA1 filaments are very active at focal adhesion locations, remodelling and anchoring the plasma membrane to the ECM and to other cells, and focal adhesion signalling is important for promoting myometrial cell contraction in late pregnancy (Launay et al. 2006 , Li et al. 2007 . Due to the increase in pSer59-CRYAB expression during late pregnancy and labour and induction by uterine distension, we speculate that pSer59-CRYAB may be part of a mechano-adaptive response, perhaps in partnership with pSer15-HSPB1, to modulate ACTA1 polymerization dynamics at focal adhesions in the myometrium during late pregnancy and to facilitate phasic labour contractions.
In contrast to a role with the cytoskeleton, sHSPs have also been shown to be extracellular signalling molecules that can be secreted via exosomes (Clayton et al. 2005 , Rayner et al. 2008 , Sreekumar et al. 2010 , Gangalum et al. 2011 , reviewed by van Noort et al. 2012 . Results of this study demonstrate that pSer59-CRYAB readily co-immunolocalized with the exosome marker CD63. This suggests that pSer59-CRYAB may be localized in vesicles destined to be released as exosomes from hTERT-HM cells; however, late endosomes can also contain CD63 because exosomal vesicles have an endocytic origin (Thery et al. 2002) . Thus, we cannot rule out localization of pSer59-CRYAB to these late endosomes as well in myometrial cells. Exosome production has been demonstrated in vascular smooth muscle and recently implicated in myometrium (Liao et al. 2000 , Martin-Ventura et al. 2004 , Cretoiu et al. 2013 . The uptake of exosomes by macrophages through phagocytosis and the release of contents has also been demonstrated (Feng et al. 2010) . In this manner, CRYAB and other HSPB family members can signal to macrophages or macrophage-like cells and induce innate immune responses (Bhat & Sharma 1999 , van Noort et al. 2010 ). Interestingly, van Noort et al. (2010 demonstrated that HSPB family members appear to promote the activation of macrophages into an immune regulatory state that stimulates tissue repair and attenuates inflammation. We speculate that the detection of CRYAB in myometrium post-partum may be indicative of such a role in tissue repair and signalling to immune cells at this time as the involution process is similar to wound healing (Shynlova et al. 2013) . The immune response, however, likely depends on the local concentration of CRYAB because high local concentrations can stimulate a pro-inflammatory immune response (van Noort et al. 2010 (van Noort et al. , 2012 . The maternal immune system during pregnancy and labour undergoes an immunological transformation from initiation to tolerance and then activation in concert with myometrial programming ( Shynlova et al. 2013) . Thus, CRYAB may have chronologically specific anti-inflammatory and pro-inflammatory roles in the myometrium during pregnancy and post-partum to aid this immunological transformation.
Overall, the spatial and temporal expressions of CRYAB changes dynamically in the myometrium during late pregnancy and labour and is regulated, in part, by uterine distension. CRYAB, and particularly pSer59-CRYAB, could play an important role in facilitating the contractility of myometrial smooth muscle cells by regulating actin filament dynamics at focal adhesions and/or help to regulate immune responses within the myometrium via exosome-mediated delivery during late pregnancy and labour. Further investigations at the cellular and molecular levels are required to understand the exact role(s) and underlying mechanism(s) of CRYAB signalling in myometrial function. 
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